This paper presents a cascaded coil flux control based on a Current Source Parallel Resonant Push-Pull Inverter (CSPRPI) for Induction Heating (IH) applications. The most important problems associated with current source parallel resonant inverters are start-up problems and the variable response of IH systems under load variations. This paper proposes a simple cascaded control method to increase an IH system's robustness to load variations. The proposed IH has been analyzed in both the steady state and the transient state. Based on this method, the resonant frequency is tracked using Phase Locked Loop (PLL) circuits using a Multiplier Phase Detector (MPD) to achieve ZVS under the transient condition. A laboratory prototype was built with an operating frequency of 57-59 kHz and a rated power of 300 W. Simulation and experimental results verify the validity of the proposed power control method and the PLL dynamics.
I. INTRODUCTION
Due to its high efficiency, precise control and low pollution properties, induction heating is widely used in industrial fields and in home appliances [1] .
A large number of topologies have been developed in this area, among them the current-fed and voltage-fed inverters are the most commonly used [2] - [9] . An important advantage of voltage source inverters is the wide variety of control methods that they use to control output power, such as Pulse Frequency Modulation (PFM), Pulse Amplitude Modulation (PAM), and Pulse Density Modulation (PDM) [8] . A Current Source Inverter (CSI) has a limited number of control methods, but it is less affected by input voltage ripples and it has short circuited protection capability [2] - [5] .
ZVS is critical for the reliable operation of standard currentfed parallel resonant inverters. Under steady-state conditions, ZVS can be achieved by using common techniques such as a PLL or other integral controllers [3] . There are two types of PLL circuits and the difference between them is based on the Phase and Frequency Detector methods (PFD). One of them is the Charge-Pump PFD (CP-PFD) and the other is the Multiplier Phase Detector (MPD). The latter has a fast dynamic response while having a nonzero phase error Manuscript and the former has a poor dynamic response while having a zero steady state phase error [10] . Under transient intervals, ZVS will not be achieved using the CP-PFD method. As a result, in conventional current-fed parallel resonant inverters, the blocking diodes are required to prevent the internal body diode of the switches from conducting [3] , [11] . However, these diodes will increase the conduction losses. Furthermore, a start-up problem may result in an overvoltage across the switches. In addition, during the start-up period the ZVS will not be achieved due to the poor dynamic of the CP-PFD circuit; and consequently a switch failure may occur. Therefore, to achieve ZVS under the start-up condition the input voltage must have a low slew rate to help the PLL circuit track the resonant frequency [3] . In this paper to eliminate the current and voltage overshoots at start-up, a new cascaded control method is proposed. In this method, the step response of the system is improved for a wide range of load variations while using a simple control method in comparison to robust and adaptive controllers [12] , [13] . The net efficiency, the melting rate, and the output power of an IH system depends on the output current [2] , so using a precise control method improves the practical indexes of an IH system.
In this study, a PLL circuit based on a MPD and its application to IH systems is analyzed. The PLL circuit can track the resonant frequency due to its fast dynamic response at start-up, so dynamic ZVS is achieved. This technique is proposed for IH applications where the work-piece is not ferromagnetic which results in a lower bandwidth for the resonant frequency deviation [2] . Comparing the experimental results of a MPD and a CP-PFD, the MPD method is shown to be the best choice since it can track the resonant frequency at start-up while the steady state phase error is negligible. Fig. 1 shows two conventional current mode parallel resonant inverters using only two switches which are in series with two blocking diodes (D 1 & D 2 ). Unlike these conventional topologies, by achieving dynamic ZVS, the two switches from [3] do not need these blocking diodes. In this work, although both of the topologies, (a) and (b), can be implemented, it is preferred to use (b) for dc-dc converters [14] , and (a) for induction heating applications or dc-ac converters because of their symmetrical current injection [15] . The proposed topology is a parallel resonant push-pull inverter or the (a) topology as seen in Fig. 1 . The advantages of the push-pull method are its simple trigger circuits and the reduction in the number of switches for low and medium power applications in comparison with the full bridge topology [9] , [11] , and [15] . The inductances of L 1 and L 2 are much larger than the resonant inductor L r , so under normal steady-state operation the dc-link current is approximately constant, and the switching network injects an alternating square-wave current into the resonant tank [9] , [11] . In this circuit the two switches are operating with duty cycle that is slightly more than half (D>0.5) to achieve soft switching and to prevent the internal body diode of the power MOSFETs from conducting [9] . The inverter circuit turn-off angle or β [4] is fairly close to zero because the inverter is working in zero voltage and zero current switching (ZVZCS). Also, β is the phase difference between the resonant tank voltage and the injected current to the resonant tank.
II. PRINCIPLE OF OPERATION
For a push-pull circuit, the current of L 2 which is in series with S 2 is injected into the parallel resonant tank, and then returned to the dc-link when S 1 is on, when 0<t<T/2. This process repeats for S 2 during the second half period, T/2<t<T, while the peak current of each switch is I d , where I d is the dc-link current of the CSPRPI shown in Fig. 1 .
At the resonant frequency, the drain to the source voltage of each switch is like a half sine wave and the current of each switch is like a square wave. Fig. 2 shows the current and voltage waveform patterns of S 1 and S 2 when the inverter works in the ZVZCS condition. Fig. 3 shows the proposed CSPRPI without blocking diodes and a buck converter at dclink side for output power conditioning. The phase locked loop (PLL) circuit tracks the frequency of soft switching under load parameter variations. The transfer function of the parallel resonant tank's impedance is derived by equation (1) . By assigning a zero value to the phase of z(s), the frequency at which ZVZCS occurs can be derived by equation (2) as follows: 
R, L r , C r , ω n , and ω r are the load resistance, the resonant inductance, the resonant capacitance, the natural frequency of resonant tank and the resonant frequency respectively. R is the sum of the coil resistance and the work-piece resistance referred to the primary or coil. ζ is the damping ratio of the parallel resonant tank circuit. Another important parameter that can be defined for a parallel resonant tank is the quality factor or Q as follows:
According to [11] , the inverter and the resonant tank can be modeled as an RLC load using the average model technique which is shown in Fig. 4 , while the parameters of the proposed modeling are derived by equation (4) . R e is the load resistance referred to dc-link side. By comparing the push-pull topology with the full bridge scheme, R eq in the full bridge scheme is four times the one in the push-pull topology for the same resonant tank [9] .
By assigning zero to the voltage integral of the dc-link inductors over one switching period, the output voltage to the dc-link voltage ratio K V can be derived by equation (5) where In order to calculate the current ripple of the dc-link, the current is considered for a half period of the switching frequency. The second half of the switching frequency is repetitive which means that the ripple of the dc-link current will be twice the switching frequency. Accordingly, equation (6) formulates the dc-link current as a function of time for 0<t<T.
Therefore, the current ripple (peak to peak) at the dc-link side is derived as follows:
The ripple value is finally derived by equation (7). This equation shows the relationship between the inductances of the dc-link inductor, the operating frequency, and the ripple of the dc-link current.
III. PLL MODELING A PLL is a device which causes one signal to track another. It keeps the output signal synchronized with a reference input signal in the frequency as well as the phase. A PLL circuit consists of a Voltage Controlled Oscillator (VCO), a Phase Detector (PD), and a Loop Filter (LF) [16] .
In this paper a simplified PLL circuit is implemented which has a simple structure and is less expensive. The PLL circuit has one Potential Transformer (PT) that senses the output voltage. As mentioned in the principle of operation section, the triggering signal will be in phase with the current injected into the resonant tank. Therefore, by comprising the output voltage and the instant triggering signal, the phase error signal between the resonant tank voltage and the injected current is produced. To accomplish the comprising process, the output voltage must be rectified in a half wave shape and then passed through a chopper circuit to shape the output voltage to a square-wave with a 50% duty cycle. The proposed PLL circuit with the PT and triggering circuits are shown in Fig. 5 . According to Fig.  5 , the pulse shaping circuit makes a proper overlap at about 200 ns for an operating frequency of 58 kHz.
In this paper to implement the PLL circuit, an HC/HCT4046A Integrated Circuit (IC) is used which consists of a VCO and three Phase Detector (PD) modes [17] . Here, the phase detector is based on mode-2, which has a tri-state logic characteristic and is used to construct the CP-PFD [10] . In Fig.  5 the phase detector output of the PLL is grounded through a pull-down resistor and then connected to an operational amplifier in the voltage-follower mode for buffering. As a result, the three state characteristic of the mode-2 PD is converted to a two-state one. Therefore, the 4046's PD works as a MPD, while using the advantage of its sensitivity to phase error signs.
In this circuit the PLL center frequency is selected near the resonant frequency. However, at start-up the resonant frequency may be different than the center frequency of the PLL depending on the parameter changes. As a result, the PLL will spend a transient duration to track the resonant frequency at start-up. According to [10] , the resonant inverter and the CP-PFD model were introduced using the linearization of the resonant tank phase curve near the resonant frequency.
In this paper, the authors use the linearization technique presented in [10] for a MPD and the transient behavior of these two PDs are compared with each other. For the CP-PFD the proposed circuit presented in [10] was implemented.
A block diagram of the PLL with the modeling of the parallel resonant tank is shown in Fig. 6 , where ∆f is the frequency deviation due to the mismatch between the center frequency of the PLL circuit and the resonant frequency at start-up, t=0. ∆f o is the instant difference between the switching frequency and the resonant frequency. Fig. 7 shows the phase of the parallel resonant impedance seen by the inverter with a quality factor of about 40. The LPF is the transfer function of the Loop Filter, which is the first-order RC low-pass filter presented in Fig. 5 , K VCO is the VCO's gain, and K PD is the PD's gain. K β block is the slope of the resonant tank's phase respect to frequency at the resonant frequency where the phase of the resonant tank is zero; K β is derived by linearizing the phase curve of the parallel resonant tank phase around the resonant frequency. K β and the transfer function of a PLL with a resonant tank circuit are derived by equation (8) and 
According to (10) the time constant of G(s) must be designed such that the PLL tracks the frequency faster than the dynamic response of the IH system while the phase error is negligible in the steady state condition. According to the HC/HCT4046A phase detector, the ripple at the output of the PD is two times the center frequency [16] , [17] . To attenuate the ripples, the time constant of the LPF is designed with a cut-off frequency as follows, where the f center is the PLL center frequency:
The steady state phase error of the PLL circuit is derived by equation (11) and according to Fig. 6 . Fig. 7 . Phase of the parallel resonant tank at no load condition. According to the phase plot of the parallel resonant tank with the parameters presented in Table I , K β is derived as follows: According to the proposed phase detector of the 4046, K PD and K VCO are derived as follows:
where V DD and ∆F are the supply voltage of the 4046 and the hold in the range frequency [16] , [17] . According to equation (11) the steady phase error is derived as follows, when the hold in the range frequency is two times the center frequency, and the hold in the range of the PLL circuit is selected at its maximum value to attenuate β :
According to the calculated phase error, the frequency variation of the proposed IH system is assumed to be 2 kHz, which is adequate for the diamagnetic work-piece IH application due to the lower variation of the resonant frequency [2] . As a result, the maximum phase error will be 2.88 0 which is negligible.
IV. CONTROL METHOD
In this paper the output current is controlled by adjusting the dc-link current I d using a buck converter. The proposed cascaded coil flux control is shown in Fig. 8 , and is based on the second-order average model of the CSPRPI presented in Fig. 4 and equation (4) . As can be seen in Fig. 8 , the dclink current reference is produced by the output current in the cascaded scheme and the total model works as a buck converter. The output voltage is proportional to the output current of the work-coil. Therefore, the output voltage signal is used in the cascaded scheme and hence, the coil flux is Fig. 11. Step response of coil current under cascaded coil flux control.
controlled. The relationship between the output voltage and the coil flux is shown by equation (12) [11] .
There are two compensators, C 2 and C 1 . The latter is the coil flux compensator and the former serves as the dc-link current controller.
The inner loop must have a fast dynamic for short circuit protection. Therefore, C 2 should be a proportional compensator. C 1 is a PID controller to compensate the dynamic response of the resonant inverter at start-up even in the worst case. The worst case occurs when the quality factor of the resonant tank is at its maximum value or when the inverter works under the no-load condition. To derive the parameters of C 1 and C 2 the average model of the inverter is used along with the buck converter. To show the validity of the proposed control method, a simulation is done where C r , L r , L 1,2 , and Q are 1.2µF, 6µH, 1000µH, and 40, respectively. The parameters of the compensators namely C 1 , C 2 , and the feedback gains, as seen in Table II , are derived using a Genetic Algorithm (GA) to optimize the step response output voltage [18] .
Utilization of such evolutionary algorithms for the sake of control parameters optimization has been widely addressed in many works such as [19] . I, P, and D are the integrator, the proportional, and the differentiator gains for the C 1 and C 2 compensators. Fig. 9 and Fig. 10 show the proposed closed-loop and open-loop step responses of the output voltage for values of R e equal to 50, 20, and 10 ohms based on the PSIM simulator while using the average model presented in Fig.  8 . In Fig. 9 the controllers' parameters are implemented by using the specifications obtained in Table II . According to the average model technique, envelop of the coil voltage will be proportional to the output voltage of the buck converter model. Fig. 11 shows the coil current under the cascaded coil flux control method. 
V. EXPERIMENTAL RESULTS
A laboratory prototype IH system was implemented to verify the validity of the proposed CSPRPI with the cascaded coil flux control method and the PLL circuit. The parameters of the CSPRPI are designed according to the considerations presented in previous sections. In this section the authors have designed the controller parameters and the PLL circuit parameters based on the resonant tank parameters presented in Table III. Q nl is quality factor of the resonant tank at the no load condition. The parameters of the PLL circuit, the compensators and the resonant tank are based on the formulations and values derived in previous sections. The frequency of the buck converter is selected as 30 kHz which is low in comparison to the resonant frequency, while the voltage ripple of the coil voltage is less than 5%. Fig. 12 and Fig. 13 show the dynamic performance of the PLL circuit based on a MPD and a CP-PFD, respectively. As can be seen from Fig. 12 and Fig. 13 , the dynamic performance of the proposed MPD is much better than that of the CP-PFD method. A switching failure definitely occurs if the CSPRPI uses the CP-PFD method for tuning without blocking diodes. In addition, the malfunction of the CP-PFD causes a high EMI in the start-up state due to hard switching performance. Fig. 13 shows the steady state performance of the PLL circuit based on a MPD close to the resonant frequency. The appropriate frequency change of the MPD is about 2 kHz near the center frequency of 58 kHz as derived in section III. The PLL specifications are listed in Table IV. According to Table IV and equation (10) , the time constant of the PLL circuit is derived as follows, which is very short in comparison to the inverter dynamic response presented in Fig. 9 through Fig. 11 :
Fig. 14 shows the ZVZCS performance of the voltage and current of the power MOSFETs at the steady state condition. Fig. 15 and Fig. 16 show the output voltage of the coil under the close loop and open loop conditions, respectively. The parameters of the compensators are implemented based on the simulation results in section IV. Fig. 17 shows the laboratory prototype with the PLL circuit, the buck converter, and the CSPRI.
VI. CONCLUSION
This work presents a simple control technique for current source parallel resonant push-pull inverters for IH applications. It is shown that the cascaded coil flux control method has a better response to output parameter variations and that it works in a wide range of output power regulation. The advantage of this control method is its simple structure in comparison with adaptive and robust controllers. In this paper, to achieve dynamic ZVS at the start-up condition a PLL circuit is used based on the MFD method. The CSPRPI topology with this control method has a small package size and precise output power control for IH applications.
